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INTRODUCTION
Chemists, archaeologists and anthropologists can cooperate using a multidisciplinary approach in the study of past populations through the examination of findings unearthed in the sites they lived in. Artefacts such as pottery, glassware, weapons, but also mural paintings and architectural elements are investigated from the stylistic and compositional point of view, as they can be the clues for an indirect knowledge of the social and cultural background of prehistoric cultures.
In the last two decades more information has been obtained from the analysis of ancient human remains, that is bones, teeth and hairs. In particular, the analysis of bones contributes to answer questions about social and cultural aspects, working activities, diseases, exposure to poisons, migrations and, above all, dietary habits. Changes in nutritional habits reflect, in fact, changes in the human activities, as an example the transformation from hunting-gathering to farming communities.
Bones can be considered bioarchives since their composition includes, apart from hydroxyapatite, collagen and water, elements such as sodium, magnesium, zinc, strontium, barium and lead that have a direct relationship with the diet [1] [2] [3] . These elements enter the body only by ingestion of food, are not subjected to post-mortem alterations and, moreover, could be found in detectable amounts in the skeleton. In particular, tibiae and femurs analyses usually prove very effective as they can fix metals in the lifetime of individuals and give a long-term information [4, 5] .
Of special interest are strontium, prevalent in vegetables, and zinc, marker of a meat-based diet [6] [7] [8] [9] [10] [11] [12] . Strontium varies upon the organism position in the trophic chain with levels getting lower from plants to herbivores and to carnivores, whilst zinc comes from animal products such as meat, eggs and dairies, even if its metabolic pathways are more complex and, in part, still unknown [8, 13, 14] . As an example, according to the model proposed by Beck [6] , huntergatherers should eat a greater amount of animal proteins than vegetables, so they show a continuous distribution of zinc levels and a narrower range of strontium ones. On the opposite, farmers should have vegetables-based diets, integrated by variable amounts of wild nuts and animals: their zinc levels are lower and concentrated in a limited range, whilst strontium is more variegated. Strontium and zinc are also good indicators as they are not subjected to post-mortem alterations, i.e. diagenesis including replacement of native ions with others coming from soil [8, [15] [16] [17] [18] . Strontium isotope ratios can also be used as a key to trace possible migrations [19] [20] [21] .
In a multielemental approach, manganese and magnesium (abundant in vegetables) along with copper (meat-based diet indicator) are often also studied, even if they can be subjected to diagenesis [2, 3, 13, [22] [23] [24] [25] [26] [27] .
The archaeological and anthropological systematic analysis of both bones and the environment where they were recovered (typically necropolis) is fundamental in the study of ancient humans remains. Archaeologists examine the funerary equipment and the stratigraphy of the site. The shape and the raw materials of burial objects help drawing some conclusions about the period and the society to which the tombs belong. Anthropologists participate in the recovery of skeletal remains from the sites and get a closer look at the bones. Pictures and drawings of the remains are taken and the most important data and features useful to reconstruct the taphonomical aspects (position of skeleton or single bones, evident palaeopathological lesions, etc.) are filed. Finally, a number of measurements of the skull, pelvis and peculiar bones are taken in order to make a hypothesis on age, sex, height and weight of the individuals.
This article deals with human skeletons dating from Neolithic to Bronze Age (IX-I millennium B.C.) and brought to light during the excavations in the S. Giorgio Valdaro Necropolis (outskirts of Mantua, Lombardy, Northern Italy). We were asked to classify the individuals from the dietary point of view: we decided to focus on strontium, zinc, manganese, magnesium and copper, diet markers, and on lead, considered a post-mortem contamination marker.
A large number of articles dealing with paleodiet could be found in the literature although only a small number of them go into the details of the analytical methodology. The main drawbacks, if discussed, concern the strong apatite matrix effect, the organic content that could interfere in the analysis and the very low concentrations of the elements [18, 28, 29] .
Several techniques were employed to analyse bones: an overview can be found in Table 1. mineral structure and organic content infrared spectroscopy [30] [31] [32] [33] [34] X-ray diffraction [7, [31] [32] [33] 35 ] thermogravimetry [7, 36, 37] quantitative elemental analysis atomic spectroscopy techniques [7, 28, 29, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] particle induced X-ray and gamma-ray emission [17, 32, [49] [50] [51] [52] X-ray fluorescence [4, 9, 15, 35, 53 ] neutron activation analysis [7, 8, 54, 55] inductively coupled mass spectrometry [1, 7, 18, 28, 42, 43, [56] [57] [58] [59] [60] [61] [62] [63] The dissolution via alkaline fusion was seldom used. This procedure was not considered because solid reagents cannot be easily purified (high contamination risk), high temperatures can cause relevant metals amounts loss and finally the fusion mixtures major elements (e.g. sodium) can form polyatomic species with argon, leading to spectral interferences.
The analytes pre-separation was sometimes also carried out to eliminate the strong matrix, but this method is very selective and it generally is used to isolate one single analyte.
The most frequent treatment is by far the acid digestion; HNO 3 seems to be one of the most suitable ways to digest bones, but several authors associate it with an ashing step to eliminate the organic components. In this work, ashing treatments were avoided because losses or gains of elements (in particular zinc) can be observed [2, 40, 77, 82] . Other mixtures are also described in the literature (as reported in Table 2 ).
The use of HNO 3 offers several benefits: a) it simplifies the sample preparation, avoiding contaminations; b) it is not necessary to evaporate or strongly dilute the acid prior to the analysis, as required when using HCl, HClO 4 , H 2 SO 4 or HF or mixtures of them; c) it prevents potential contaminations observed when using H 2 O 2 : even SupraPure quality additional H 2 O 2 can be a contaminant for some ultra trace elements [83] .
Moreover, HNO 3 was reported effective for human tissues if used in conjunction with microwaves without any additional reagent [39, 40, 44, 67] . The microwave-assisted digestion permits to obtain a fast and complete dissolution using a reduced acid amount and minimizing the analytes loss and the contamination from open air as the digestion takes place in closed vessels under high pressure.
In this work a methodology based on microwave-assisted digestion using HNO 3 was optimized.
In the literature, quantitative analysis by ICP-MS was carried out with various calibration methods, with particular attention to the matrix complexity, as can be seen in Table 3 Here the authors propose an optimized ICP-MS method with minimum sample pre-treatment and an external calibration quantification strategy. This method was set-up on samples coming from the prehistoric skeletons and validated against NIST SRM 1486 Bone Meal standard reference material.
The archaeological background
S. Giorgio Valdaro is an archaeological area in the outskirts of Mantua (Figure 1 ), known for some discoveries dating from the Neolithic to the Roman Age and periodically subjected to archaeological investigations [84] . In antiquity the area was crisscrossed by small waterways and the nearby River Po, making it ideal for activities such as hunting, In the past the area was a marshland and possibly the environment helped preserve the skeletons in their near perfect state. The burials were dated from the Neolithic to the Bronze Age (9000-1000 B.C.) on the basis of archaeological observations confirmed by radiocarbon dating [84] .
The graves were found in two distinct areas named Section I and Section III.
The individuals of Section III were buried on the bare ground, both in crouching and outstretched position, in some cases with funerary equipment. 8 graves dated back to the Ancient Bronze Age (ABA -2 male adults, 4 subadults, 2
adults not determined) and 6 graves to the Middle Bronze Age (MBA -1 male adult, 1 female adult, 4 subadults). It was possible to assess that individuals in the crouching position were more ancient. In Section I 7 graves dating to the Late Neolithic (LN) were excavated (5 male adults, 2 female adults, 1 subadult). In all the graves, i.e. a double and 6 single burials, the individuals were laid down in a crouching position on the bare ground.
One of the burials caused an immediate stir among the archaeologists, who were moved by the discovery of a rare double burial: the two skeletons were facing each other with their arms wrapped around in an enduring embrace. The examination of the bones and the intact teeth suggested that the man and the woman were 16-20 years old when they died and around 1.5m tall. They were buried North-South, with their heads to the North. The funeral equipment (an arrow-head, a blade, knives, all made of flint) suggested that they were buried during the Neolithic period (5000-4000 BC). The two hugging individuals were called 'The Valdaro lovers' after the location where they were found and became famous as the world's longest known hug. Archaeologists planned to lift with belts the entire block of earth where the couple was buried and sent it to an archaeological laboratory for anthropological and chemical examinations.
This burial type is unique, especially for the Neolithic period in which double burials are unheard of, so it represents one of the most remarkable finds in prehistoric archaeology. It is difficult to explain the peculiar burial and to establish the cause of death, whether it was a ritual sacrifice or a sudden death, or lovers who committed suicide together.
Archaeological and anthropological studies on S. Giorgio Valdaro site are still in progress, thus the diet of the individuals is still unknown. No remains of animals were unearthed in the site, so no hypothesis about farming can be proposed. For the same reason it was impossible to use animal bones as reference to standardise the elemental concentrations found in human samples.
EXPERIMENTAL 2.1 Reagents
Ultrapure water (18MΩ resistivity, <5ppb TOC) from a Milli-Q Gradient A10 system (Millipore) was used for solutions preparation.
Ultrapure HNO 3 was produced by sub-boiling distillation in a quartz apparatus (DuoPUR unit from Milestone). Glacial Solutions preparation and samples manipulation were executed in a Class 100 laminar-flow hood to prevent external contamination. LDPE (low-density polyethylene) sample and reagent bottles and vials were washed and stored in 2%
HNO 3 and rinsed with ultrapure water before use.
Sampling and sample preparation
21 individuals were investigated and long bones (tibia and femur) and trabecular bones (ribs) were sampled to compare different skeletal districts from each individual. A total number of 63 samples were thus analyzed.When possible, fragments spontaneously detached from the bones during the excavation were collected; a stainless steel blade was used when necessary.
The samples were treated as follows:
-dry-brushed to remove the soil deposited;
-placed in the ultrasonic bath in clean vessels to remove all the embedded soil particles (three 15 minutes cycles with ultrapure water, replacing water between cycles; one 15-minutes step with 5% CH 3 COOH solution);.
-left overnight in 5% CH 3 COOH solution to eliminate the diagenetic soluble carbonates and the first superficial layers, potentially contaminated by contact with soil or metallic tools [7, [19] [20] [21] 85 ];
-rinsed with ultrapure water;
-desiccated in a drying oven at 60°C;
-stored in pre-cleaned plastic bottles.
Prior to the dissolution they were powdered in an agate mortar and desiccated in a drying oven at 60°C until constant weight. As NIST SRM 1486 Bone Meal was purchased in powder form it was dried before dissolution (2h at 105°C as indicated in the NIST certificate).
A microwave-assisted procedure was optimized to dissolve bone samples and NIST SRM 1486 Bone Meal.
Approximately 50mg of sample were accurately weighed and 2ml of ultrapure HNO 3 67.4% were added.
Vessels were capped and placed in a MLS-1200 MEGA Milestone equipment. The following heating-program was optimized: 3min -250W; 4min -400W; 10min -600W; 20min -cooling. A complete dissolution of both samples and NIST SRM 1486 Bone Meal was observed. The resulting solutions were transferred in pre-cleaned LDPE bottles and gravimetrically diluted to 15ml with ultrapure water. They remained stable during the storage and no precipitation was observed. The PTFE vessels were cleaned with HNO 3 67.4%, using the same heating program prior to any sample dissolution.
Trace elements and calcium quantification
Solutions obtained from the bones dissolution (63 samples) were 1:300 diluted with a solution of 2% HNO 3 in ultrapure water just before the analysis to assure the analytes were within the calibration range and to minimize the matrix effects.
An Mn, 65 Cu, 66 Zn, 88 Sr e 208 Pb (the selection of the isotope for every element is a compromise between sensitivity, isotopic abundance and lack of isobaric interferences).
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In at 5µg/l final concentration was chosen as internal standard.
NIST SRM 1486 Bone Meal was randomly analysed according to the entire procedure (from desiccation to final dilution) together with bone samples, in addition to a procedural blank for every mineralization batch. Check standards were run every 10 samples in the analysis queue.
Solutions obtained from the bones dissolution were 1:300 diluted with ultrapure water and HNO 3 Discriminant Analysis (LDA -assuming equal prior probabilities) were carried out with the software The Unscrambler X (CAMO). Prior to any calculation, autoscaling was applied to data to give all the variables the same chance to influence the construction of the PCs. Loading and score plots for the first two principal components were discussed (the other components did not add any relevant information).
3. RESULTS
Optimized ICP-MS analytical method
An evidence emerged since the very beginning of this study: the ICP-MS signal was unexpectedly unstable during the analysis, continuously increasing instead of oscillating around a mean value. After 7-10 minutes of analysis (around 15-20 instrumental runs-100 sweeps each) it reached a 'steady state'. Considering the average of the last 5 runs (in other words the average of the last 2.5 minutes of analysis) as the 'steady state' value, the initial signal was 15-20% lower.
This trend was observed for all the analytes, both in NIST SRM 1486 Bone Meal and ancient bone samples, in different days and in different positions along the analysis queue. It was then possible to infer that the observed trend was neither due to an instrumental drift in time nor to an influence of a memory effect between samples. Evidence of this behaviour could be found in Wolf, 1997 that coped with this problem by introducing a delay before the measurement, considering only the steady state signal [86] . In our opinion this approach is time-consuming, expensive, and requires abundant samples and reagents. An internal standard strategy was then considered. Examining the literature [18, 29, 43, 61, 87] , indium was chosen because it proved to be suitable to normalize the signal for all the analytes of interest, it did not add relevant isobaric interferences and it was not originally present in the samples. Indium was added to every sample at final concentration of 5µg/l, compatible with Sr and Zn (the most interesting markers) contents expected in the sample solutions. Signals randomly oscillating around 100% of the steady state were obtained since the very beginning of the analysis, saving time (around 2.5min per sample) and reagents. External calibration and standard additions methods were evaluated, quantitatively determining the analytes in three ancient bone samples (LN: T2b tibia; ABA: T23 tibia; MBA: T24 tibia).
Neither the standard addition curve slopes for all the three samples, nor the standard additions and external calibration ones were statistically different (95% significance). The quantitative determinations obtained from both methods were in good correlation for all the analytes and all the samples, proving that matrix effects were negligible (data not reported). Thus, the external calibration was confirmed as a suitable quantitative method.
To assure the repeatability of the whole protocol, 250mg of bone (a MBA femur available in a sufficient quantity) were finely ground, homogenized, desiccated until constant weight and then divided into five aliquots and analyzed according to the protocol. No significant differences were observed for all the analytes concentrations (data not reported).
The whole protocol was validated against NIST SRM 1486 Bone Meal for the three certified elements (Zn, Sr and Pb). Finally, limits of detection (LOD) were determined according to the IUPAC recommendation [88] . They are shown in Table 5 -LOD liquid: LOD in the solutions derived from the digestion; LOD bones: LOD in the solid samples, assuming 50mg of samples were digested.
The case study
The optimized method was applied to all the fragments of bones coming from the 21 skeletons of the Necropolis. were enriched in Pb and Cu. For the latter it was confirmed by ANOVA carried out using epoch as factor and Cu concentration as dependent variable (p=9E-04).
A good discrimination was obtained also by LDA. The classification model was built assigning each sample to a class, according to the dating proposed by archaeologists. The model correctly classifies 87% of samples. In particular all samples belonging to ABA group were correctly classified, whilst one sample belonging to MBA group was incorrectly attributed to ABA group. An interesting issue emerged analyzing the results for LN group. Out of 21 samples belonging to 7 individuals, 17 samples were correctly classified whilst 4 samples were attributed to the ABA group. Three of them were collected from 'The Lovers': two samples (femur and tibia) from the female and one sample (femur) from the male.
No differences concerning the sex emerged from the model and this was confirmed by the ANOVA carried out considering sex as factor and elements concentration as dependent variables (p values >0.05 for all the analytes).
The same result was obtained for the bone type.
Concerning the subadults, neither differences between epochs from the PCA model (PC1 31%, PC2 20% -data not reported), nor between the type of bones (for subadults the sex is not determined) emerged. Since only one individual belonging to LN epoch was found, ANOVA was carried out using ABA and MBA subadults' data only. Neither difference between epoch nor type of bones was found for all the investigated metals, confirming the results obtained by the PCA model.
IC calcium analysis
Calcium concentration was then used to normalize the metals' ones, based on the principle that, if diagenesis had occurred, it affected in the same way both calcium matrix and trace metals [25, 26] . Moreover, calcium was used by some authors to define 'standard ratios' linked to the diet followed by ancient humans [7, 25] .
A mean value of 335.37±35.06mg/kg of calcium was found in the 63 samples from the Necropolis: this is coherent with values found in the literature [3, 9, 15, 92] . ANOVA was carried out on the Ca data: age was not a discriminant factor (p=4.68E-01).
Considering only adults, epochs (MBA/ABA/LN) did not give statistically significant differences (p= 5.93E-01) and the same is true for subadults only. No differences emerged between males and females (p=9.74E-01). Finally, the skeletal district (ribs, femurs, tibiae) did not influence the concentration of calcium both in adults (p= 1.41E-01) and in subadults.
Calcium concentration values were then used to normalize the data obtained from ICP-MS analysis and the results are summarized in Table 7 . Some authors established reference parameters for these ratios, that resulted compatible with those found in the literature [25, 26] . 
DISCUSSION
The statistical treatment of data (metals or metals/Ca) evidenced a clear discrepancy between adults and subadults.
Some authors confirmed that Sr levels increase of 50% from fetal up to age 12, then changes amount to only about 20% until age 25, when they begin to remain relatively constant (this is true both for ancient and modern individuals) [6, 10, 52, 93] . Concerning zinc, Beck reported that it does not fluctuate with age among adults [6] , whilst it was found that younger children sometimes have higher levels than older ones [52] .
According to the values reported by Giorgi et al. [25] , mean values for Sr/Ca found in adults from Valdaro corresponded to a vegetables rich diet for all the three epochs.
Zn/Ca values pointed to a diet rich in proteins for adults in ABA and MBA and to a mixed diet in LN. According to the values proposed by Busetto et al. [7] and based on the data of modern Americans, ABA and MBA adults can be considered as living in a society with a rich economy.
In this study strontium average values were higher than zinc ones: for what concerns Neolithic, it is archaeologically well known that nutrition was generally based mostly on the consumption of vegetables [26] . In particular in Northern
Italy the agriculturalist practices began in 5600-5500 B.C., when hunting and gathering were joined with the cultivation of domesticated cereals [94, 95] . Farming began in the middle of the V millennium B.C. with bovine and swine species and became fully established during Bronze Age [94] .
Several authors reported an increasing trend of Sr levels and an opposite trend of Zn during the transition from huntinggathering to agriculture [6, 10, 54] . It is worthwhile to note that Sr levels could also be related to the ingestion of molluscs [2, 25, 96] . Giorgi et al. [25] also reported other optimal reference parameters for Mg/Ca and Cu/Ca.
Concerning the former, none of our samples reached their value, while for the latter subadults and ABA-MBA adults were far below the range, whilst LN adults were at the lower limit. It is worthwhile to note that Cu content in LN adults Calcium data were examined via ANOVA, evidencing that there were no differences between ages, epochs, sexs or skeletal districts. This is biologically coherent, because it was proved that calcium concentrations are quite constant within the human body and between all the individuals [92] . These results could exclude relevant phenomena of enrichment or depletion due to diagenesis. Keeping in mind that some authors stated that calcium alterations correspond to other metals' ones [25, 26] , it could be hypothesized that diagenesis did not affect these bones and thus that the observed differences in the content of trace metals could really be bound to distinctions between individuals during life and not after death.
Some authors claimed that bivariate plots Sr vs. Zn or Sr/Ca vs. Zn/Ca can classify individuals according to their diet [6, 92] . This approach was then applied to Valdaro case study, but it did not give satisfactory results: there were not clear distinctions between epochs.
Bivariate analysis was then replaced by multivariate analysis, using PCA calculation that considers simultaneously all the variables allowing to visualize the results with a very understandable representation.
PCA conducted on adults stressed a clear separation between individuals belonging to different epochs. It was evidenced that Mn, Zn, Mg and Sr reached the maximum concentration in MBA adults whilst LN samples were enriched mainly in Cu. The same results, as expected, were achieved using the ratios on calcium: it can be seen that this element did not add any information to our classification, but it was useful to compare our data with others found in the literature, as previously shown. The hypothesis here formulated is that of a shift in meat consumption from low valued meat such as offals, rich in copper, to a more refined kind of meat, richer in zinc.
In conclusion, this approach using trace metals proved to be excellent at classifying the adult individuals from the temporal point of view. Concerning subadults, no differences based on epochs emerged from the data analysis. Bone samples belonging to 'The Lovers' were in a particular situation, because, according to the archaeologists, they belonged to LN, but in the PCA resulted partially overlapped to the ABA group. Their data are reported in Table 8 . Unexpectedly low values both for Cu and Zn were found, being 18.72±4.07 and 71.08±15.15mg/kg respectively their average values (± 95% confidence interval). For what concern the ranges of ratio previously cited, according to literature data, their diet could be classified as rich of vegetables, poor in proteins, and far from being optimal in Mg and Cu.
Can it be hypothesized that their diet was richer in vegetables than the other coeval people, or particularly low in consuming meat?
This same anomaly could be seen in LDA analysis, which correctly classified all samples in ABA, all but one in MBA, and all but four in LN. Three out of these four belonged to 'The Lovers", again, and were attributed to ABA.
CONCLUSIONS
Ancient remains recovered in Section I and Section III of the Valdaro necropolis were investigated coupling trace metal determination and multivariate analysis. A straightforward analytical methodology was optimized and validated, from the sampling to the data analysis. This methodology required a low amount of sample and proved to be fast, with a high throughput and without interferences.
Trace elements values normalized against calcium contents allowed to gain information concerning the individuals' dietary habits through the comparison with the data found in the literature, but they did not give any information concerning the epoch of the remains, when considered individually.
Multivariate analysis carried out on trace elements values, instead, allowed classifying adult individuals according to the historical period in which they lived, proposed by archaeologists and anthropologists and based on the funerary equipment found in the burials, excluding any diagenetic contribution. In view of future studies, this analysis also gave precious hints about the lack of differences among the different skeletal districts in a same individual and between males and females. At the opposite, it showed the distinction between adults and children.
In our opinion, this article offers a powerful way to gain information from trace elements when studying past populations with a multidisciplinary point of view.
Peculiarities emerge from the analysis of 'The Lovers', which are surrounded by an air of mystery both from the archaeological and the chemical points of view.
